Human adenovirus type 2 mutant, H2 ts 111, presented a double phenotype: temperature-sensitive (ts) for initiation and elongation of DNA synthesis, and cytocidal (cyt) by its large-plaque formation and the nucleolytic cleavage of both viral and cellular DNAs. Both characters were recessive since they were efficiently complemented by wild-type or other DNA-negative ts mutants. H2 ts 111 DNA-terminal protein complex formed at 33 °C and chased at 39.5 °C showed a decreased affinity for glass fibre filters, concurrently with the loss of protein-linked DNA ends. H2 ts 111 DNA breakdown occurring upon shift-up to 39.5 °C therefore appeared to start in close proximity to the genome extremities. Marker rescue experiments showed that the ts character was abolished by co-infection with plasmid recombinants containing whole or part of the E2A region, encoding for the 72K DNA-binding protein. The N-terminal domain of this 72K protein has been assigned between 0 and 200 amino acids, and is supposed to have a function in late transcription control. Since H2 ts 111 mapped between 0 and 300 residues (63.6 to 65.9 map units), its mutation was most likely located between 200 and 300 amino acids, namely in the C-terminal domain of the protein, which is involved in DNA replication, Recombination between H2 ts 111 and H5 dl 313 mutant revealed that the cyt function was localized in the E1B zone, between 3.8 and 11.3 map units. The nucleolytic and cytocidal effects were complemented by HEK 293 cells, an H5-transformed cell line expressing the left-most 12.5 ~ of the viral genome. H2 ts 111 appeared, therefore, as a double ts cyt mutant. The gene product rendered temperature-sensitive by the H2 ts 111 mutation was found to act stoichiometrically, and not catalytically, a result compatible with a lesion in the 72K protein.
INTRODUCTION
As a result of a number of biochemical and genetic studies, the mechanism of human adenovirus DNA replication in vitro and in vivo is now better understood at the molecular level (for reviews, see Winnacker, 1978; Tooze, 1980) . In this type of investigation, the utilization of conditionally lethal mutants appears as an interesting experimental approach to some unanswered questions. For this purpose, we have isolated and partially characterized an early, DNA synthesis-defective, temperature-sensitive (ts) mutant of human adenovirus type 2 (Ad2), H2 ts 111 (Martin et al., 1978; D'Halluin et al., 1979) .
Mutant H2 ts 111 belongs to a unique complementation group, differing from the H5 ts 125 and from the H5 ts 36 mutants (Martin et al., 1978) . Density-labelling experiments have shown that the H2 ts 111 defect involves an early function required for initiation of DNA replicative * To whom correspondence and mutant requests should be addressed.
0022-1317/84/0000-6103 $02.00 0 1984 SGM synthesis, elongation and protection of the DNA chain (D'Halluin et al., 1979) . The mutation of H2 ts 111 has been found to be expressed as early as 2 h after infection, and to be fully reversible upon shift-down to the permissive temperature (D'Halluin et al., 1979) . Upon shift-up to the non-permissive temperature, after allowing viral DNA synthesis to occur at the permissive temperature, the newly synthesized and mature viral DNA, as well as the cellular DNA, become degraded into 10S to 12S fragments (D'Halluin et al., 1979) . H2 ts l ll therefore appears to possess two phenotypical characteristics: (i) DNA-negative, by the absence of DNA synthesis initiation and elongation, and (ii) cytocidal by its breakdown effect on both cellular and viral DNAs, and the large-plaque formation (D'Halluin et al., 1979) . This paper presents genetic evidence that the mutant H2 ts 111 carries two point mutations : one lies in the gene coding for the 72K DNA-binding protein, and is responsible for the temperature-sensitive DNA(-) phenotype; the other one is localized in the E1B region of the adenovirus genome, and concerns the nucleolytic and cytocidal effect. This latter mutation is not temperature-dependent.
METHODS
Cells and virus. KB cells were cultured in suspension in Joklik's modified F 13 medium (Gibco) supplemented with 5 ~ horse serum. HeLa cells, HEK cells and AdS-transformed HEK cells, line 293 (Graham et al., 1974 (Graham et al., , 1977 were maintained in monolayer culture in Eagle's MEM supplemented with 10~ y-irradiated calf serum in the case of HeLa and HEK cells, and with 10~ foetal calf serum in the case of 293 cells.
The wild-type (wt) of Ad2 was originally supplied by J. Williams (Carnegie-Mellon University, Pittsburgh, Pa., U.S.A.). Mutants H2 ts 111 and H2 ts 114 were selected in our laboratory after nitrous acid mutagenesis of a wt stock (Martin et al., 1978) . The host-range (hr) mutants of AdS, H5 hr 7 and H5 hr 8, were kindly supplied by F. Graham (McMaster University, Hamilton, Ontario, Canada) , and the deletion (dl) mutants of Ad5, H5 d1311, H5 dl 312 and H5 dl 313 (Jones & Shenk, 1978) , by T. Shenk (State University of New York, Stony Brook, N.Y., U.S.A.). Adeno-associated virus was isolated a few years ago in our laboratory from a contaminated stock of wt Ad2 (Torpier et al., 1971) . This explains in part the present utilization of ),-irradiated calf serum.
Complementation tests. Complementation between ts mutants was performed in HeLa cells as previously described (Martin et al., 1978) . Complementation tests between ts and hr or dl mutants were performed by double infection of HeLa cell monolayers at 39.5 °C (5 p.f.u, of each mutant per cell), and plaque titration on 293 cells at 33 °C.
Isolation of adenovirus DNA-terminal protein complex and filter-binding assays. Adenovirus-infected KB cells maintained at 33 °C for 40 h were pulse-labelled for 1 or 2 h with [3H]thymidine and chased at 39.5 °C for different lengths of time. The cell pellets were lysed by suspension in an equal volume of 50 mM-Tris-HC1 pH 8.0, 10 mMsodium EDTA (TE buffer) containing 2 mM-2-mercaptoethanol (TEM buffer). The cell lysate was mixed with an equal volume of 8 M-guanidine-HC1 (Fluka, Buchs, Switzerland) in TEM buffer for 10 rain at 0 °C and loaded on top of a linear sucrose gradient (5 to 25~), preformed in TE buffer containing 4 M-guanidine. The gradient was centrifuged for 16 h, at 25000 r.p.m, and 4 °C, in a Beckman SW41 rotor. In some experiments, DNA-protein complexes were further purified by CsCl-guanidine-HC1 equilibrium centrifugation (Robinson & Bellett, 1974) . Peak fractions of the guanidine-containing sucrose gradients corresponding to the DNA-protein complexes were pooled, and 1 mM-phenylmethylsulphonyl fluoride added as a protease inhibitor. DNA-protein complexes were then subjected to exhaustive dialysis against TE buffer. The standard binding assay on Whatman GF/C glass fibre filters was carried out according to Coombs & Pearson (1978) . The filters were rinsed with TE buffer containing variable NaCl concentrations ranging from 0 to 1 M.
Agarosegelelectrophoresis. DNA restriction fragments were separated in a 1-1 ~ agarose gel, buffered in 0.09 MTris borate pH 8.3, 2.5 mM-sodium EDTA (TBE buffer) containing 0.5~ Sarkosyl (Ciba-Geigy). In the absence of Sarkosyl, DNA fragments bound to proteins do not penetrate the gel, whereas in the presence of 0.5 ~ Sarkosyl they do penetrate, but their migration is slower than the corresponding fragments devoid of proteins (Reiter et al., 1977) . Electrophoresis was conducted at a constant voltage of 3 V/cm, for 16 h at room temperature. The gel (20 × 10 x 3 cm) was then immersed in TBE buffer containing 0.8 ~tg/ml ethidium bromide for 1 h and photographed under u.v. light (Sharp et al., 1973) . For fluorography, the gel was impregnated with PPO, by immersion in methanol containing 5~ (w/v) PPO for 30 min at 37 °C, then washed with water, dried under vacuum and autoradiographed at -70 °C.
Immunoprecipitation. 14 B antiserum, a hamster serum directed towards the AdS-transformed hamster cell line HT 14 B (Williams, 1973) , was kindly supplied by E. Graham. HT 14 B cells have integrated 40~ of the left-hand end sequences of the virus genome, of which 7 ~ are expressed (Sambrook et al., 1974; Flint et al., 1976) , and the 14 B antiserum reveals proteins encoded by the E1A and E1B regions (Ross et al., 1980) . The anti-72K serum was prepared in rabbit by injection of Ad2 72K protein purified by a two-step procedure comprising single-stranded DNA-cellulose and DEAE-Sephadex chromatography. Labelled antigenic proteins were identified by immunoselection on Staphylococcus aureus Protein A (Kessler, 1975) and analysed by SDS-PAGE . Formalin-treated S. aureus cells (Cowan I strain) were purchased from Eivai Bios Laboratory (Horsham, Sussex, U.K.).
Immunofluorescence. HeLa or 293 cell monolayers, infected with 5 p.f.u./cell of H2 ts 111 or wt for 30 h at 39-5 °C, or for 72 h at 33 °C, were washed with phosphate-buffered saline (PBS), fixed in CC1, for 30 min at room temperature, and air-dried. The cells were incubated with different rabbit antisera for 30 min at 37 °C, washed with PBS and incubated for an additional 30 min at 37 °C with ffuorescein-conjugated goat anti-rabbit globulin. The cells were again washed with PBS, mounted under buffered glycerine (1 ml PBS :9 ml glycerine) and examined under u.v. light. The rabbit antisera used were: anti-type 2 virion, anti-type 2 hexon, and antiserum against AdS early antigens (P antiserum). This latter serum, kindly supplied by W. C. Russell (NIMR, Mill Hill, London, U.K.), was raised in rabbits by injection of extracts from rabbit kidney RK 13 cells abortively infected with Ad5 (Russell et al., 1967) .
Electron microscopy. Cell samples were fixed in situ with 3% glutaraldehyde buffered in 0.1 M-phosphate pH 7.2, pelleted, post-fixed with l ~ phosphate-buffered osmium tetroxide and embedded in Araldite. Sections were stained with uranyl acetate and lead citrate, and examined in the Philips EM-300 electron microscope.
Isotopes and radioactive labelling. Viral DNA was pulse-labelled with [3H]thymidine (30 Ci/mmol, CEA, Saclay, France) at 25 ~tCi/ml, for periods of time varying from 30 min to 1 h at 33 or 39.5 °C. Proteins were labelled with 5 ~Ci/ml [35S]methionine (600 to 700 Ci/mmol; Amersham), in a medium containing 2.5 % of the concentration of methionine in normal medium, for periods of time ranging from 8 to 16 h. Label was chased by replacing the medium by a normal medium prewarmed at the required temperature, and containing 5 x 10-s M non-radioactive thymidine in the case of DNA pulse-labelling.
Enzymes. All restriction endonucleases were purchased from Boehringer Mannheim and used as recommended by the manufacturer.
Construction ofplasmid recombinants. Ad5 DNA and H2-H5 interserotypic recombinant DNAs were cloned in plasmid pKH 47. The pVM 501 contained the H5 fragment between the ClaI site at 2.6 map units and the BamHI site at 59.5 map units. The pVM 521 contained a fragment of interserotypic ts + recombinant K4 derived from crosses between ts mutants H2 ts 136 and H5 ts 58 (D'Halluin et al., 1982) . The DNA of this ts + fragment inserted in pKH 47 corresponded, therefore, to the BarnHI fragment between 29 and 59.5 map units. The pVM 504 contained the BamHI EcoRI fragment of H5 (59-5 to 75.9 map units) and the pVM 503 the EcoRI fragment of H5 between 75.9 and 84.5 map units.
Deleted plasmids were constructed from the pVM 504. The pVM 508 was obtained by deletion of BstEII fragment between 63.2 and 67.8 map units; the pVM 509 by deletion of Sinai fragment between 65.9 and 75-8 map units. Other deleted plasmids were constructed from pVM 509: the pVM 511 was obtained by deletion of the BamHI Bglll fragment (59.5 to 63.6 map units); the pVM 512 by deletion of the BgllI fragment (60-2 to 63-6 map units). From pVM 511, the deletion of SstlI fragment between nucleotide no. 1825 and 2295 rightwards from BamHl site at 59.5 map units gave rise to pVM 514; from pVM 512, the deletionof the SstlI fragment between nucleotide no 65 and 2295 rightwards from BamHI site at 59.5 map units resulted in pVM 515. These recombinant plasmid constructions are shown in Fig. 5 . The ligation of the DNA fragments was made using the T4 DN A ligase from Bethesda Research Laboratories.
RESULTS

Thermosensitivity of the filter-binding capacity of H2 ts 111 DNA-terminal protein complex
Binding of adenovirus DNA to glass fibre filters has been shown to be mediated by terminal protein covalently attached to both DNA extremities (Coombs & Pearson, 1978) . The filterbinding capacity of H2 ts 111 DNA-terminal protein complexes produced at the permissive temperature and transferred at the non-permissive temperature was compared with that of the wt complexes yielded under the same conditions. Adenovirus DNA was pulse-labelled with [3H]thymidine for 1 h at 33 °C and the label chased for 5 h at 39.5 °C. The 31S viral DNA obtained in guanidine-containing sucrose gradients was assayed for binding to glass fibre filters at various ionic strengths. Fig. 1 shows a normal salt dependence of glass fibre binding for wt DNA-terminal protein complex, with a plateau at 85 to 90% reached for NaC1 concentrations higher than 0.3 M (Coombs & Pearson, 1978) . In contrast with this pattern, the H2 ts 111 DNA-protein complex exhibited a significant decrease of binding capacity after a chase at 39.5 °C, with a plateau of maximal binding at only 25% of DNA label input. When H2 ts Ill-infected HeLa cells * H2 ts 11 l-infected HeLa cells maintained for 40 h at 33 °C were pulse-labelled with [3H]thymidine for 2 h at different temperatures. DNA-terminal protein complexes were isolated and assayed for binding on glass fibre filters at 0.3 M-NaC1. maintained for 40 h at 33 °C were pulse-labelled for 2 h at different temperatures, affinity of viral DNA-protein complex for glass fibre filters at 0.3 M-NaC1 decreased from about 70~ at 33 °C to 48~ at 39.5 °C of the total input DNA ( Table 1 ). The value of 70~ at 33 °C and the nonlinear nature of the decrease suggested that the H2 ts 111 mutation was partially expressed at 33 °C, but that the maximal effect of the mutation was produced within a relatively narrow domain of temperatures, between 38.5 °C and 39.5 °C.
Nature and origin of the viral DNA breakdown occurring in H2 ts Ill-infected cells at 39.5 °C
It has been shown that viral DNA synthesized at the permissive temperature in H2 ts 111-infected cells is rapidly degraded into small fragments when cultures are shifted up to 39.5 °C, and that the fragments migrate in agarose gels as polydisperse material smearing between the positions of EcoRI fragments A and C ofwt DNA (D'Halluin et al., 1979) . Comparative analysis in neutral and alkaline sucrose gradients of viral DNA sedimenting between 31S and 10S suggests that single-strand nicks are starting points of the degradation process (D'Halluin et al. 1979) .
In order to determine the nature and location of the early nicks occurring on the viral genome, H2 ts 111-infected cells were pulse-labelled with [3H]thymidine for 2 h at 33 °C, and the label chased for different periods of time at 39.5 °C. DNA-protein complexes isolated in guanidinecontaining sucrose gradients were digested with either HindIII or Sinai endonucleases. Hydrolysates were analysed by agarose gel electrophoresis, taking advantage of the finding that (a) (b) Ad2 ts and cyt early double mutant protein-flee and protein-linked terminal D N A fragments have different electrophoretic mobilities in Sarkosyl-containing agarose gels (Reiter et al., 1977) . As expected, the HindIII electrophoretic patterns of deproteinized wt D N A and of wt D N Aprotein complex differed in the migration of terminal fragments F and K (Fig. 2d, e) . In the H&dIII cleavage pattern of H2 ts 111 31S D N A chased for 0.5, 1 and 2 h at the non-permissive temperature, the K bands were not found and the F bands were scarcely visible (Fig. 2a to c) . Similar results were observed in the Sinai pattern, from which right and left terminal fragments K and J disappeared almost completely after a 30 min chase period at 39-5 °C (not shown). This suggested that the breakdown of H2 ts 111 D N A started near both ends of the molecule, resulting in the observed decrease of affinity for glass fibre filters. In agarose gels stained with ethidium bromide, the patterns were the same as on autoradiograms, suggesting that the whole bulk of H2 ts 111 D N A made at 33 °C, and not only the newly synthesized viral D N A , lost most of its terminal fragments upon shift-up (Fig. 2f, g ). 
H2 ts 111 gene dosage effect on the production of virus in a mixed infection
To determine the nature of the function mutated in H2 ts 111, namely catalytic or stoichiometric, HeLa cells were mixedly infected at the non-permissive temperature at a constant input multiplicity of wt (0-5 p.f.u./cell) and increasing multiplicities of H2 ts 111 mutant (up to 50 p.f.u./cell). This type of mixed infection experiment, originally designed to estimate the degree of dominance ofwt over amber allele (Snustad, 1968) , has been successfully applied to adenovirus ts mutants (Galos et al., 1979) .
The results of mixed infection of HeLa cells with wt and with either H2 ts 111 or H2 ts 114, another DNA-defective mutant belonging to the same complementation group as H5 ts 36 (Martin et al., 1978) , are presented in Fig. 3 . Mutant H2 ts 114 resembled H5 ts 36, of which the mutated protein has been suggested to have a catalytic function (Galos et al., 1979) . In contrast with H2 ts 114 and H5 ts 36, increasing inputs of H2 ts 111 resulted in a progressive decrease of the total virus yield, suggesting a stoichiometric effect of the mutant allele product, competing with the wt one. The difference between H2 ts 114 and H2 ts 111 was lower than in comparable experiments with H5 ts 36 and HS ts 125 (Galos et al., 1979) . This was likely to be due to the leakiness of H2 ts 111 : the ratio of yields 33:39.5 °C was only 1.5 x 102 for H2 ts 111, in contrast to 3 x 105 for H5 ts 125 (Ensinger & Ginsberg, 1972) .
Complementation of H2 ts 111 with 293 cells
The 293 cell line is an Ad5-transformed human embryonic cell line which has integrated 12.5% of the left-hand end of the virus genome and 8.7~ of the right-hand end, these latter DNA sequences remaining unexpressed (Graham et al., 1977; Aiello et al., 1979) . The possible complementation of the temperature-sensitive phenotypic character by the integrated sequences was assayed by titration of the virus production at permissive and non-permissive temperatures. The virus yield ratio of 39:33 °C was similar in HeLa and 293 cells (about 10-2). There was therefore no apparent complementation effect of the H2 ts 111 ts mutation by the 293 cell genome. The cellular complementation of the nucleolytic effect was explored by analysis of viral and cellular DNA synthesis in 293 ceils. These cells infected with H2 ts 111 at the non-permissive temperature were labelled with [3H]thymidine from 18 to 24 h after infection. DNA analysis in alkaline sucrose gradients showed that no label sedimented at 34S, suggesting an absence of detectable viral DNA synthesis in 293 cells at 39.5 °C (not shown). Another experiment was designed to determine the fate of viral DNA synthesized at the permissive temperature. 293 cells infected with H2 ts 111 at 33 °C were pulse-labelled with [3H]thymidine from 40 to 42 h after infection and the label chased for 6 h at 39.5 °C. Virtually all the label (95 to 98 ~) sedimented at 34S in alkaline sucrose gradients (Fig. 4a ), in contrast with HeLa cells in which 80 ~ of the H2 ts 111 appeared degraded into 10S to 12S fragments under the same conditions (D'Halluin et al., 1979) . The same experiments performed with HEK cells (from which 293 ceils are derived) showed that H2 ts 111 DNA behaved in the same way as in HeLa cells (Fig. 4b ). This suggested that the different fate of H2 ts 111 DNA in HeLa (or HEK) and 293 cells was due to the transformation state of the 293 cells and to the presence of integrated viral sequences, and not to trivial differences of cell type. Thus, H2 ts 111 DNA synthesis did not occur in 293 cells at 39.5 °C, but viral DNA synthesized at 33 °C remained stable when the culture was shifted to restrictive conditions. 293 cell DNA labelled with [14C]thymidine for 24 h at 37 °C before infection with H2 ts 111 remained in a macromolecular form, as analysed in agarose gels, whatever the growing temperature of the mutant (33 or 39.5 °C) and even after temperature shift (not shown). All these data suggested that the cytocidal effect of H2 ts 111 was complemented by the 293 cell, whereas the temperature-sensitive function was not. This was confirmed by the recombination data, which placed the ts mutation within the 72K gene and the cyt effect in the left-most part of the genome, between 3.8 and 11.3 map units.
Complementation and recombination of H2 ts 111 with hr and dl mutants of Ad5
The temperature-sensitive function of H2 ts 111 was efficiently complemented by hr and dl mutants mapped in the early regions E1A and E1B (Table 2) . For recombination experiments, HeLa or 293 ceils were doubly infected with H2 ts 111 and H5 dl 313 or H5 d1312 at 33 °C. At 80 h after infection, virus production was titrated on HeLa or 293 cells at both permissive and nonpermissive temperatures. The recombination frequencies were 0.75 and 1.0~ in crosses involving H2 ts 111 with H5 d1312 and H5 d1313, respectively. The dl ÷ ts + recombinant clones were amplified on HeLa cells at 39.5 °C and the viral DNAs were analysed by restriction with different enzymes (D'Halluin et aL, 1982) . The genome structures of H2 and H5 heterotypic recombinants are presented in Table 3 . All the recombinants between H2 ts 111 and H5 d1313 possessed the XbaI site at 3.8 map units: this site originated from the H2 genome since it was deleted in H5 dl DNA. All recombinants but two contained H2 sequences at the BclI site at 11.3 map units. There was no cleavage site specific for H2 to the right of position 42 and all the recombinant genomes contained H5 sequences to the right of the site BamHI at 42 map units. This suggested that the ts mutation of H2 ts 111 was located to the right of this latter site, and this was confirmed by marker rescue experiments. 
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Persistence of cellular DNA breakdown and large plaque formation (cytocidal effect) in cells infected by ts ÷ (cyt) and dl ÷ ts ÷ (cyt) recombinants
HeLa cells were infected at 39.5 °C with 10 or 100 p.f.u, of either H2 wt, H2 ts 111, several interserotypic dl ÷ ts ÷ recombinants and one interserotypic ts ÷ recombinant (clone A39; D 'Halluin et al., 1982) . The cells were harvested at 40 h after infection and the size of DNA analysed in agarose gels after direct lysis of the cells in gel slots. The DNA from cells infected with all the recombinants tested appeared degraded and migrated as a smear in agarose gels. The breakdown was even more pronounced with the recombinants than with the original mutant H2 ts 111. The breakdown was of the same order of magnitude as that observed when H2 ts 1 ll-infected cells were transferred from 33 °C to 39.5 °C to let the early viral genes be expressed (D'Halluin et al., 1979) . All the dl ÷ ts ÷ and ts ÷ recombinants tested formed large plaques on HeLa cell monolayers whatever the incubation temperature.
These results suggested that H2 ts 111 was a double ts and cyt mutant, and that the two phenotypical characters ts and cyt were independent of each other; the loss of the ts phenotype in dl ÷ ts ÷ and ts ÷ recombinants was not accompanied by the loss of cytocidal properties. In addition, the occurrence of a cytocidal and nucleolytic effect in infection with ts +, and dl ÷ ts ÷ inter- Marker rescue of the ts mutation of H2 ts 111 H2 ts 111 DNA-terminal protein complex was co-precipitated on 293 cells with recombinant plasmids containing different fragments of the Ad5 genome and linearized with EcoRI prior to co-transfection. As shown in Table 4 , ts ÷ recombinants were obtained in co-transfection experiments with pKH 47 derivatives containing the 59.5 to 75.9 map unit fragment of the H5 genome inserted between the BamHI and the EcoRI sites (pVM 504). In order to refine the map position of the ts mutation, deleted plasmids were constructed from pVM 504 (Fig. 5) . The ts ÷ recombinants were obtained with pVM 509, pVM 511 and pVM 512, which placed the ts 111 mutation between 63.6 and 65.9 map units, between nucleotide no. 1520 and 2390 from the BamHI site at 59.5 map units (Fig. 5) .
Expression of viral genes in H2 ts Ill-infected cells at the non-permissive temperature Immunofluorescence
H2 ts 111-infected 293 cells were examined between 24 and 30 h after infection at 39.5 °C. The indirect immunofluorescent staining with anti-virion serum showed most often a fluorescence at the periphery of the nucleus, and in some cases, intranuclear flecks (not shown). With the antiserum against early proteins (P antiserum), bright fluorescent flecks and large globules were visible in nearly all nuclei (Fig. 6a ). These nuclear globules were never observed with P antiserum in HeLa cells infected with H2 ts 111 at 39.5 °C. In control uninfected 293 cells, less than 5~o of the nuclei elicited fluorescent dots, a result previously reported (Graham et al., 1977) . These results suggested that significant amounts of early gene products, and particularly 72K protein revealed by P antiserum (Russell et al., 1967) , were synthesized in H2 ts 111-infected 293 cells at the non-permissive temperature, and remained stable and immunoreactive for prolonged periods of incubation at 39-5 °C.
Electron microscopy
The nuclei of 293 cells infected with H2 ts 111 for 24 h at 39.5 °C exhibited tubular, caterpillarlike structures (Fig. 6 b) , resembling the intranuclear tubules originally observed by D. Brown at very late times of wt infection (personal communication), and subsequently described as railroadtrack-like structures in HEp2 cells infected with H2 ts 3 for 72 h at the permissive temperature (Weber etal., 1977) . The tubular forms were not seen in H2 ts 3-infected HEp2 cells cultured at 39-5 °C, and instead, core-like structures were visible (Weber et al., 1977) . H2 ts 3 is an assembly-defective mutant, of which lesion appears to have pleiotropic effects on synthesis of proteins 80K, Ilia and V, and on virion morphogenesis (Weber et al., 1977) . The caterpillar-like structures were only found in H2 ts 111-infected 293 cells at 39.5 °C and never observed in H2 ts 111-infected HeLa cells at 39-5 °C. This might be explained if these structures represented some sort of viral DNA-protein complexes whose replication was inhibited in 293 cells at 39.5 °C, and which were degraded in HeLa cells.
Immunoprecipitation
There was no detectable difference in the immunoprecipitation patterns of wt and H2 ts 111-infected HeLa cell extracts at 39.5 °C, using anti-P rabbit serum and anti-14 B hamster serum. This latter serum usually precipitates proteins encoded by the early region 1 (Ross et al., 1980) . Protein bands in the apparent mol. wt. range 50K to 55K, and 15K to 17K were similar in both extracts (not shown). Also, anti-72K serum precipitated normal amounts of early 72K from H2 ts 111-infected cell extracts at 39.5 °C. This suggested that the gene product mutated in the H2 ts 111 was not located in the early region E 1A since a normal function of its genes is required for expression of the early regions of the adenovirus genome (Spector et al., 1978; Jones & Shenk, 1979; Berk et al., 1979) . Martin et al., 1978) . Since H2 ts 111 mutation affects the initiation of DNA synthesis, which involves the terminal protein covalently linked to the 5' terminus of each DNA strand (Rekosh et al., 1977) , it was of interest to analyse the progeny of such a complementation experiment. HeLa cells were doubly infected at 39.5 °C with equal input multiplicities of the two ts mutants, and virus progeny plaqued on HeLa cells at 33 °C. Forty clones were thus obtained and amplified by successive subcultures. Virus polypeptides of each clone were then labelled with [35S]methionine and analysed in SDS-polyacrylamide gels. The apparent molecular weight of hexon polypeptide being significantly different in adenovirus serotypes 2 and 5, the polypeptide pattern might unambiguously indicate the serotype of each clone. Of 40 clones, 39 were found to consist of type 5 virions, and only one to consist of a mixture of both serotypes (not shown). Thus, more than 98~o of the viral progeny was of type 5.
Restriction nuclease analysis of viral DNA produced during the mixed infection confirmed the asymmetric complementation with H5 ts 36. From the amount of [3H]thymidine label in the EcoRI B fragments of both serotypes, and after correction for the difference in DNA length of the fragments, it might be estimated that 80~ of the whole viral DNA synthesized belonged to serotype 5. These results implied that in a mixed infection at 39-5 °C with H2 ts 111 and another DNA-defective ts mutant (e.g. H5 ts 36), the mutated protein in H2 ts 111 cannot be totally replaced by a functional one.
DISCUSSION
Preliminary characterization of the H2 ts 111 mutant has shown that it fails to initiate DNA replicative synthesis, to maintain the integrity of viral and cellular DNA (D'Halluin et aL, 1979) , and to assemble at 39.5 °C viral DNA and capsid proteins synthesized at the permissive temperature (D'HaUuin et al., 1980) . H2 ts 111 shows a normal helper function at 39.5 °C for defective adeno-associated virus (data not shown). H2 ts 111 belongs to a unique complementation group and is efficiently complemented by the other DNA-defective ts mutants (Martin et al., 1978) . Its mutation is therefore not dominant and the viral and cellular DNA breakdown is likely to be due to the absence of protection of DNA against the cell nucleases. The finding that cellular DNA degradation is totally inhibited by co-infection with H2 ts 114, another mutant deficient in DNA synthesis, supports this hypothesis (D'Halluin et al., 1979) . In addition, further experiments with interserotypic recombinants showed that the cyt mutation enhanced the activity of endonucleases in infected-cell extracts (J. C. D'Halluin et al., unpublished results).
The results reported in the present paper confirm previous data (D 'Halluin et al., 1979) , suggesting that degradation of H2 ts 111 DNA started from single-strand nicks, located near both extremities of the virus genome (Fig. 2) . This explained why the filter-binding capacity of H2 ts 111 DNA-terminal protein complex decreased upon shift-up to 39.5 °C (Fig. 1) , since the binding to glass fibre filters has been shown to be mediated by the terminal protein (Coombs & Pearson, 1978) .
H2 ts 111 presented in fact two major phenotypical characters: (i) DNA-defective by the absence of DNA synthesis initiation and elongation, and (ii) cytocidal by the large-plaque formation and degradation of viral and cellular DNA. The first effect was temperature-sensitive and was only apparent at the non-permissive temperature (39-5 °C). The second property was temperature-independent and occurred at both permissive and non-permissive temperatures. The protein altered by the ts mutation in H2 ts 111 was found to function stoichiometrically, as early protein 72K (Galos et al., 1979) , and not catalytically (Fig. 3) . Marker rescue experiments showed the ts mutation to lie in the N-terminal moiety, stricto sensu, of the 72K DNA-binding protein, between 0 and 300 amino acids (Table 4 , Fig. 5 ). However, on the basis of results obtained with hr mutants (Klessig & Grodzicker, 1979) mapped in the amino-terminal part of the 72K DNA-binding protein (Kruijer et al., 1981) , the N-terminal domain of the DNAbinding protein has been supposed to have a function in the control of late gene expression, and not in DNA replication (Klessig & Grodzicker, 1979; Rice & Klessig, 1984) . The N-terminal domain, functionally speaking, therefore lies between 0 and 200 amino acids (Kruijer et al., 1981) , and the H2 ts 111 mutation is most likely located between 200 and 300. This is part of the C-terminal domain of the 72K DNA-binding protein, which contains another DNA-negative mutant (Ad2 ND2 ÷ ts 23; Kruijer et al., 1982) and is involved in DNA replication.
The asymmetric complementation obtained with H5 ts 36 implied a certain degree of type specificity for the 72K protein: a mutation in the Ad2 72K could not be totally rescued by a 72K belonging to another serotype. The persistence of an immunoreactive 72K protein in H2 ts 111-infected cells maintained at 39.5 °C suggested that the ts 111 mutation did not affect the major antibody-binding site of the molecule (Asselbergs et al., 1983) and that the protein remained stable, although non-functional, at 39.5 °C. The H2 ts 111 lesion therefore appeared different from that of the H5 ts 125, mapped also in the carboxy-terminal part of the DNA-binding protein at amino acid no. 413 (Kruijer et al., 1981) since the ts 125-mutated 72K is temperaturelabile ( Van der Vliet et al., 1975) . The weak complementation index obtained between H2 ts 111 and H5 ts 125 (Martin et a/., 1978) might be explained by an intracistronic complementation.
The results of the recombination experiments with hr and dl mutants mapped in the early regions E1A and E1B suggested that the cytocidal and nucleolytic function was due to a mutation in a gene of the E 1B region: large-plaque formation and DNA breakdown still occurred in dl + ts + recombinants carrying H2 sequences between 3.8 and 11.3 map units (Table 3 ). The complementation in 293 cells, a cell line expressing 12-5 ~ of the left-hand end of the adenovirus genome (Graham et al., 1977; Aiello et al., 1979) , confirmed the location of the cyt effect in the left-most part of the genome. Similar cytocidal (Fatt & Mak, 1982) and large-plaque function (Chinnadurai, 1983) has been recently assigned to the E1B region of H12 and H2 genomes. Recombinants cyt ts + obtained in crosses with H5 dl mutants are now being analysed to determine the E1B gene involved in the cytocidal effect and the mechanisms of cell DNA degradation and viral DNA integration.
